Abstract-
I. INTRODUCTION

D
UE to the shortage of frequency spectrum below 6 GHz bands and the need for higher data rate, higher frequencies, e.g., millimeter-wave (mm-Wave) frequency bands, have been suggested as candidates for future fifth generation (5G) smartphone applications, as the considerably more substantial bandwidth could be exploited to increase the capacity and enable users to experience several gigabit-per-second data rates [1] - [3] . However, one critical problem for mm-Wave wireless is the increased link loss due to the reduced wavelength and atmospheric conditions [4] , [5] .
Commonly referred to as beamforming, a high-gain narrow beam radiation pattern synthesized by an array consisting of multiple antenna elements with optimized spacing is a solution to combat the increased path loss at mm-Wave frequencies.
In addition, at mm-Wave frequencies, communication is mostly line of sight (LoS), communication links can thus be disrupted if the LoS is not maintained. This can be solved by varying the phase shift associated with each antenna element, thereby steering the overall radiation pattern of the array [1] - [5] .
Although planar-phased arrays have gone through intensive investigations, to date, limited research has been conducted on array antennas or phased arrays for mobile units [5] , [6] . Rappaport et al. [7] present the motivation for new mm-Wave cellular systems, methodology, and hardware for measurements and offer a variety of measurement results showing that 28 and 38 GHz frequencies can be used when employing steerable directional antennas at base stations and mobile devices. A new dense dielectric patch array antenna using electromagnetic band gap (EBG) ground structure and dielectric superstrate was recently proposed in [8] with an improved radiation characteristic, a high gain about 16.3 dBi and bandwidth from 27 to beyond 32 GHz. In [5] , a 2 GHz bandwidth around 28 GHz, an 11 dBi gain, and wide space coverage were achieved by using a thick-multilayer coplanar waveguide-based array antenna. A new phased array antenna based on an open-slot PIFA integrated with the mobile phone chassis was designed in [3] with a bandwidth of 6-29 GHz and a gain of about 13 dBi. In [9] , notch antennas based on microstrip feeding and aperture-coupled slot antennas were employed to design 1 × 4 arrays. Even though the antenna was compact, the bandwidth achieved was narrow. Finally, we recently proposed a new 28 GHz series-fed phased array antenna in [10] with a reduced number of the phase controllers and 15.6 dBi gain. In this paper, a measured bandwidth of about 2-28 GHz and a low beam scanning range of about 24 • were obtained.
To overcome the above-mentioned problems, a high-gain array antenna system with broadband frequency performance, proper matching, stable radiation characteristics, and high capability for beam scanning along with suitable sidelobe level (SLL) and the sharp radiating beam is achieved. Furthermore, the proposed antenna covers the 5G spectrum in different countries, such as 26 GHz band in Europe [11] and the 28 GHz band in USA [12] .
In this paper, these goals are considered in the design of a new array antenna prototype from 25 to 30 GHz for 5G spectrum supported in different countries and regions, 0018-926X © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. especially Europe, USA, and Asia. In Section II, the design of a single inset-fed patch antenna with an equal-size parasitic patch and its radiation and impedance characteristics are presented. In the following, a 16-element array antenna with a new configuration is proposed and designed to obtain the highest possible gain and bandwidth as well as a good radiation performance. The two innovations of this design include: 1) not-aligned antenna patches relative to each other to create symmetry in the final radiation fields and 2) applying parasitic patches to the array antenna to increase the gain and bandwidth. Finally, the measurement results compared with the simulations as well as other works and conclusion are presented, respectively.
II. DESIGN OF A SINGLE PARASITIC-BASED INSET-FED PATCH ANTENNA
In this section, a new inset-fed patch antenna using a parasitic patch is proposed and designed. The configuration of the single antenna is shown in Fig. 1 . Two substrates, Sub1 and Sub2, with equal size of 6.2 × 7 mm 2 are employed to keep the radiation patch and the parasitic patch, respectively. In this design, a thin Roger 5880 substrate with thickness = 0.254 mm, dielectric constant = 2.2, and a very low dielectric loss is used for both Sub1 and Sub2. The size of the radiation patch and the size of the parasitic patch are equal to each other (3.44 × 4.6 mm 2 ). Two gap sections, inside the excited patch, as two inset sections of the inset-fed patch antenna, are defined in optimal values of 0.05 × 0.15 mm 2 . By carefully selecting these values, a proper input impedance matching can be obtained. The width of the input 50 microstrip feed line is about 0.74 mm. To adjust the coupling between two patches (radiated and parasitic patches), the value of the effective dielectric constant to obtain the maximum gain and broader bandwidth; the distance between two substrates, top surface and bottom surface (shown by Sub1 and Sub2), shown in dis in Fig. 1 is studied. The S 11 and H-plane (xz plane) gain graphs of the antenna for different values of dis are presented in Fig. 2 
Fig. 2(a)
shows that in the initial state of the antenna design without the parasitic element, the impedance characteristic and the related matching are inferior. It is interesting that by adding the parasitic element with the same size as the radiation patch, the impedance bandwidth and matching are significantly improved in the 25 to 31 GHz frequency range. In addition, as shown in Fig. 2(b) , the parasitic element causes a significant increase (about 1.6 dB) in the gain at 28 GHz as well as improves the antenna efficiency and decreases the SLL. According to these results, the best value for dis is 0.75 mm. With this choice, the 10-dB impedance bandwidth is from 25.55 to 29.75 GHz (15.18%), and the broadside gain is about 8.2 dBi. Moreover, an excellent impedance matching can be seen within the bands, which are very desirable characteristics for the 5G applications.
III. DESIGN OF A NEW ARRAY ANTENNA
A. Study of Two Different Configurations of a Two-Array Antenna
In this section, two different configurations for a two-element array antenna are studied. Two configurations consist of two parallel antennas (Case 1) and two nonaligned antennas (Case 2). These two structures are shown in Fig. 3(a) . In both the situations, the distance between the two antennas is 6.2 mm (0.56λ 0 @ 28 GHz). With this choice, the maximum gain in the broadside theta = 0 • (θ = 0 • ), the best SLL, and the desired 3 dB beamwidth can be obtained.
When two antennas are aligned in Case 1, both of them must be excited by the input phase equal to zero (or similar phase). In Case 2, the input phase of the antennas must have a 180 • difference. These configurations have the lowest effect on the H-plane pattern, S 11 graph, and the impedance matching. But on the other hand, there is a remarkable change in the E-plane pattern, especially on the symmetry of the pattern, the beam position, the broadside gain, and SLL. The result of this analysis is presented in Fig. 3(a) . It is clear that in the conventional arrangement of the linear array elements (Case 1) the pattern is not symmetric with respect to θ = 0 • angle. A 5 • change can be observed. Hence, this situation is not desirable for space scanning. In addition, the value of the SLL is equal to −10.6 dB in Case 1. In the proposed case (Case 2), the pattern is symmetric, as you can see from Fig. 3(a) . Moreover, the values of the broadside gain and SLL have been improved by about 0.34 and 7.5 dB, respectively. As a result, designing a large array antenna using the proposed configuration (Case 2) can produce desirable radiation performance for practical deployment.
B. Design of a New 16-Element Array Antenna
In this part, the main goal is to design an array antenna using the proposed two-array configuration and as large as a typical mobile phone. Hence, the maximum array length can be around 100 mm. In this paper, two different situations for the main beam position are considered in the H-plane pattern: 1) the beam position at θ = 0 • and 2) the scanning direction at θ = ±45 • . It should be noted that our reference to determine and accept the maximum possible scanning is SLL of −10 dB. The structure of the proposed 16-element linear array antenna is shown in Fig. 3(b) . The total size of the design is 17.45 × 99.2 mm 2 . In this design, 16 parasitic elements are employed at the top surface of Sub2 with a size of 3.44 × 4.6 mm 2 equal to the excited inset-fed patches. The other properties of the design are defined in Fig. 3(b) . In order to simulate the antenna array, 16 feed ports (P1-P16) are excited by input signals with equal amplitudes, but different phases to scan the main beam in the xz plane. It is noted that the distance between the array elements (for example, between P1 and P2) is about 6.2 mm (0.56λ 0 @ 28 GHz). Moreover, we know that to scan the main beam from θ = 0 • (z-axis) to θ = 90 • (x-axis) and place it at a specific angle θ 0 (0 • < θ < 90 • ), a definite phase difference (= dphi), equal to βd sin(θ 0 ), is needed between each pair of array elements, consecutively. Here, β is equal to 2π/λ 0 and d = 0.56λ 0 .
Hence, the parameter dphi is equal to 1.12π × sin(θ 0 ). On the other hand, by considering the excitation phase mechanism of the antennas proposed in Fig. 3 (a) (Case 2) and the crucial phase difference (= dphi) required between them to direct the main beam, the input excitation phase of each feed port ( p.i , i = 1, 2, . . . , 16) is defined by the following equation:
In this paper, by considering the reference SLL = −10 dB and our parametric simulations, the parameter θ 0 is selected to be about 50 • . Therefore, the value of dphi will be equal to 154.5 • . As mentioned earlier, two different situations for the main beam directions, θ 0 = 0 • and ±50 • , are selected to be studied. All simulations are performed by the finite-element method-based Ansoft HFSS software. For the first position of the main beam (θ = 0 • and dphi = 0 • ), the simulated S-parameters, H-plane (xz plane) and E-plane (yz plane) pattern gains of the proposed array antenna at 28 GHz are shown in Fig. 4 , respectively. From Fig. 4(a) , it is seen that the 10 dB bandwidth is from 25.3 to 30 GHz (17%). The isolation between nearest two ports (P1 and P2) is more than 19 dB within the band mentioned earlier. As desired, Fig. 4(b) shows the main beam is located at θ 0 = 0 • . In addition, the difference between copolar and cross polar is more than 50 dB in the broadside and the front to back ratio is better than 25 dB. A wide beam in broadside for E-plane pattern can be seen in Fig. 4(c) . Here, the difference between copolar and cross polar is more than 50 dB. Fig. 5 presents the graphs of the same parameters mentioned earlier, for the main beam at (θ 0 = ±50 • and dphi = 154.5 • ) of the proposed array at 28 GHz. It is clearly seen from Fig. 5(a) that the impedance bandwidths and isolation are similar to the previous results of the broadside direction. The main beam scanned to −49 • is shown in Fig. 5(b) . Here, the difference between copolar and cross polar is better than 53 dB around θ = − 49 • . Again, a wide beam and a high difference between copolar and cross polar (more than 23 dB) in E-plane pattern are seen in Fig. 5(c) .
In the final step of the simulation, for further investigation of array antenna performance within the bandwidth, the H-plane pattern of the array at 26 GHz is also presented in Fig. 6 . As can be seen in Fig. 6 , both the cases with different beam directions are shown for comparison. The radiation properties are summarized in Table I . It is interesting to note that the main beam of the scanned case is located at −54 • with high gain and SLL. The −54 • scanned has a scanning loss of 0.78 dB. The 3 dB beamwidths are less than 9 • in both the cases. These feature characteristics for a 5G spectrum are supported by different countries. The other important parameters of the radiation patterns of the proposed array antenna in the two cases are summarized in Table I for 26 and 28 GHz. As shown in Table I , a high gain in both the situations is achieved. Hence, the scan loss is about 1.4 and 0.78 dB at 28 and 26 GHz, respectively. The values of the SLL in each case are lower than −11.5 dB, which makes the antenna very efficient to focus in one direction for both frequency bands. This improves the quality of the 5G communication link. In addition, the proposed array antenna offers a narrow beamwidth in all scanning direction less than −54 • , which is an advantage for point-to-point communications. Finally, these promising features make the proposed array antenna a viable solution in different 5G spectrum bands. 
IV. MEASUREMENT RESULTS AND DISCUSSION
In order to validate the simulated results, a prototype of the proposed array antenna is fabricated and measured. Feeding network configuration for the maximum scan (d phi = 154) at 28 GHz is shown in Fig. 7 , while the photograph of the fabricated antenna prototype is illustrated in Fig. 8(a) . Similar to the design shown in Fig. 3(b) , two Roger 5880 substrates, Sub1 and Sub2, with a thickness of 0.254 mm are employed with a 0.75 mm spacing (air gap) from each other. Rohacell foam is used as air gap with the dielectric constant of 1.046 and loss tangent of 0.0106 at 28 GHz, which is very close to the permittivity of air. Two different feeding networks for boresight and scan cases are designed and fabricated as shown in Fig. 8(b) and (c) and the vector network analyzer is used to measure the S 11 with and without feeding network for the boresight and maximum scan angle. As it was mentioned in Section III, there is a phase difference of 180 • between the oppositely directed patches. On the other hand, even port numbers ( p.i , i = 2, 4, . . . , 16) must be fed with 180 • phase to have the total phase of 360 • for boresight radiation. Here, for the boresight case, one cooperative feeding network shown in Fig. 8(c) is designed and fabricated, while the 180 • phase difference has been applied by means of R&S ZVA67 in Port 1. As a result, all the elements of the array have the same phase, which results in a boresight radiation pattern. In addition, for steering case of the proposed antenna where the progressive phase shift is needed at all the elements of the array, another feeding network is designed. It should be noted that one of the advantages of the proposed antenna array is to have more space between elements due to the face-to-face excitation. The proposed configuration enables us to add more components, such as phase shifters, in the area between the two neighbor patches compared with the conventional linear array antennas. Here, delay lines have been introduced at the input of all the radiating elements to provide the necessary progressive phase shift. A cooperative feeding network with delay lines is designed with 2×d phi phase difference between two elements fed by the same power divider, while R&S ZVA67 provides a 180 • + d phi phase shift at Port 1 to ensure a progressive phase shift at all the elements. For steered beam case, delay lines are calculated to achieve a maximum scanning angle. Here, d phi = 154 • and the phase difference of each branch is 2 ×154 • . As a result, P1 shown in Fig. 7 has 180 • + 154 • phase, while P2 has 0 • .
In the measurement setup of the different radiation patterns, the far-field radiation conditions are used to determine the positions of the prototype (as a receiver) and a standard horn antenna (as a transmitter) as well as the distance between them. A 4-port R&S ZVA67 is used for the radiation pattern measurement after calibration, while the horn antenna is transmitting a signal generated from the R&S SMW200A signal generator. The measured S 11 with and without feeding network, H-plane, and E-plane patterns at 28 GHz for the boresight and scanned beam cases are shown in Figs. 9 and 10, respectively. Moreover, the graphs simulated earlier are presented in Figs. 9 and 10 for comparison. Good agreement between the simulated and measured for each case is observed. However, the measured E-plane patterns in the scanned beam case [see Figs. 9(c) and 10(c)] are more symmetric compared with the simulated ones. The 10 dB S 11 bandwidth is also measured with feeding network, and it is from 24.35 to 31.13 GHz (24.4%). It is observed for both cases that the impedance bandwidth of the antenna measured with feeding networks is slightly increased. In addition, the impedance matching in the scanning case is decreased due to delay lines applied to the feeding network. Table I shows the properties of the measured H-plane radiation graphs in both the cases. The loss for scanning from 0 • to −49.5 • is about 1.18 dB. Similar to the simulated results, narrow beamwidths and suitable SLL levels are obtained with an acceptable difference compared with the simulations. In addition, the simulated and measured radiation efficiency values are better than 86%.
In comparison with the other works, designed for 5G spectrum, our proposed array antenna has good features, suitable for 5G conditions. The properties of the comparisons are summarized in Table II for different parameters. In [3] , an antenna with a 6 GHz bandwidth (26∼32 GHz), 13 dBi gain, radiation efficiency of 75%, and high scan loss was presented. The complex antenna proposed in [5] offers a low space covering about 70 • with −10 dB SLL in the H-plane radiation pattern. In addition, the antenna has a low gain of 11 dB with relatively wider beamwidth about 20 • . Its impedance bandwidth is about 2.6-28.8 GHz. Finally, in [8] , the proposed array antenna with a complex structure has a wide bandwidth of about 5-29.5 GHz, SLL of −11.6 dB and a narrow beamwidth of 11 • . However, its realized gain and radiation efficiencies are about 16.3 dBi and 71.8%, respectively.
V. CONCLUSION
By considering the worldwide need for cellular spectrum and the relatively limited amount of research done on mmWave mobile communications, we have designed a new phased array antenna prototype operating from 24 to 31 GHz. This band can be used for different 5G applications on different countries and regions, especially Europe, USA, and Asia.
The array antenna has a powerful capability in steering the main beam in the H-plane at both 26 and 28 GHz with two innovating configurations. Stacking the excited patches with parasitic elements on the top and alternating the consecutive patches in the opposite direction to each other without of phasing, the total gain, bandwidth, and the E-plane radiation pattern symmetric has been improved, considerably. The proposed array has been fabricated and tested with two different feeding networks to point the main beam to the boresight and maximum scan direction. The measured results have shown high gains, low scan losses, and narrow beamwidths for both beam scanning directions. Moreover, high space covering of more than 100 • in H-plane with SLL less than −12 dB has been achieved. Therefore, the proposed array antenna could be a good candidate for the future 5G applications with beam scanning capability in comparison with other designs.
